The purpose of this research is to produce microparts reinforced with unidirectional whiskers using laser stereolithography. Electrically conductive whiskers are added to a liquid photopolymer and an electric field is applied to the liquid photopolymer, which aligns the axes of the whiskers along the direction of the electric field. Then, the photopolymer is solidified with UV laser irradiation in a shape that is adjustable. When the electric field is applied, the whiskers are acted on by the moment that aligns them along the electric field in the liquid photopolymer. The liquid photopolymer does not begin to flow until the shear stress on the surface of the whisker reaches the value of the yield shear stress of the photopolymer. This characteristic is denoted as the Bingham property. Therefore, the whiskers do not rotate until the electric field is lower than the threshold value by means of the Bingham property. The Bingham property is measured and the values of the electric field required to rotate the whiskers are examined both theoretically and experimentally in this paper. Using the above results, solidified polymer structures containing unidirectional whiskers are fabricated.
Introduction
Laser stereolithography is used to produce two-dimensional microparts with a high aspect ratio (i.e., a height-to-width ratio) as well as three-dimensional microparts [1, 2] . The material used for laser stereolithography is a photopolymer. A photopolymer dispersed with particles is used to microparts [3] . A photonic crystal with titanium oxide is produced by stereolithography [4] . A photopolymer dispersed with short fibers is used to produce macroparts [5, 6] . However, in the above research works the short fibers are not aligned along any particular direction in the photopolymer.
We previously fabricated microparts reinforced with unidirectional ferromagnetic short fibers aligned using a magnetic field in a laser stereolithography process [7, 8] . The ferromagnetic short fibers were successfully aligned using the magnetic field; however, a superconducting magnet must be used in order to align the non-ferromagnetic fibers.
By using electric fields, electrically conductive fibers easily align, including dielectric fibers. The purpose of this research is to manufacture a micropart reinforced by unidirectional whiskers via an electric field in the laser stereolithography process. Although materials with unidirectional fibers have already been developed [9] [10] [11] [12] , the purpose of our research work is not to develop the material itself but rather to fabricate micro-structures
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from a photopolymer containing unidirectional whiskers. In our method, electrically conductive whiskers are added to a liquid photopolymer. An electric field is applied to the photopolymer containing the whiskers, and the electric field required for the whiskers to align along the electric field direction is then calculated. Previously, when a magnetic field was applied to the photopolymer containing whiskers, the magnetic flux density required for the whiskers to align along the magnetic field was calculated using Newtonian fluid theory [13, 14] . However, in our paper, the electric field is calculated by considering the non-Newtonian fluid properties. These properties were measured for a single photopolymer for the calculation, but these methods can be applied for other photopolymers. The whiskers in the photopolymer were successfully aligned in the experiment and a comparison between the calculation and the experimental values is presented in this paper. Figure 1 shows the schematic diagram of our manufacturing method. First, whiskers are added to a photopolymer. When an electric field is applied to the photopolymer containing the whiskers as shown in Fig. 1(a) , the whiskers in the liquid photopolymer align along the electric field. Then, a focused UV laser beam is drawn on the surface of the photopolymer in a line along this direction, and the portion irradiated by the laser beam is solidified. Next, the electric field is applied in another direction. The whiskers in the liquid photopolymer align along this direction and the UV laser beam is drawn on the surface again along another line in that direction, as shown in Fig. 1(b) . The photopolymer is solidified step-by-step by repeating these processes until the desired shape is obtained. A micropart reinforced with unidirectional whiskers is obtained after removing the remaining liquid photopolymer, as shown in Fig. 1(c) .
Manufacturing Method
Generally, to manufacture a structure that is reinforced with whiskers, a material containing whiskers is prepared and then the material is machined into the desired shape. 
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Our method performs the preparation of the whisker-reinforced material and the fabrication of the structure in the same step. Figure 2 shows the theoretical model used to calculate the moment for a whisker resulting from an applied electric field. The shape of a whisker is estimated by a spheroid (an ellipsoid of revolution), as shown in Fig. 2(a) . The origin is set at the center of the spheroid and the z-axis is the major axis of the spheroid. The x-and y-axes are in the plane of the circular cross section perpendicular to the z-axis and include the origin. In the model, the spheroidal whisker is placed in a photopolymer. A uniform electric field with a magnitude of E 0 is applied to the photopolymer. The angle between the major axis of the spheroid and the direction of the electric field is α. The spheroidal whisker is an electrically conductive material and the dielectric constant of the photopolymer is ε. Additionally, a spheroidal coordinate system (η, θ, ϕ) is adopted for the calculation [15] . For simple visualization, Fig. 2(b) shows the coordinate system when z-axis is horizontal. The surface of the spheroid is difined by a constant η. If θ is constant, the result is cup shape that is perpendicular to the surface of the spheroid and is axisymmetric to the z-axis. A θ of 0 and π coincide with the positive and negative sides of the z-axis, respectively. A constant ϕ is a plane that includes the z-axis because the ϕ is the angle between the plane and the x-axis, as shown in Fig. 2(b) . The relationships between the Cartesian coordinate system (x, y, z) and the spheroidal coordinate system (η, θ, ϕ) are shown in Eqs. (1)- (3). Journal of Advanced Mechanical Design, Systems, and
Basic Equations for Alignment

Moment Caused by Electric Field
where, a is a positive constant. The surface of the spheroid is expressed by η = η c . A whisker becomes a line with a length of 2a when η c = 0. The rotating moment caused by an applied electric field on a spheroid has not yet been calculated in other research. Therefore, we calculated the moment via the method as follows. The electric potential of the liquid photopolymer outside of a spheroid must satisfy the Laplace equations. We solved the equations and calculated the overall value of the electric field on the surface of the spheroid. The force and the moment on a surface element of the spheroid were calculated from the overall value of the electric field on the spheroid. The moment, M E , that acts on the whisker was calculated as follows.
where, the constant K in Eq. (4) is a non dimensional constant dependent on η c that indicates the surface of the spheroid; it is expressed as follows.
( ) The minus sign in Eq. (4) indicates that the moment acts to decrease the direction of α.
Drag Force and Moment from Liquid Polymer
The spheroidal whisker is subjected to the moment expressed in Eq. (4); however, the whisker is also subjected to a drag force from the liquid polymer. A whisker in a Newtonian fluid can be aligned along the direction of an electric field with any small value of an electric field. The calculation for this particular case was performed in another study [13, 14] . Alternatively, a liquid polymer is not a Newtonian fluid and it behaves differently because it exhibits the Bingham property. Therefore, when the whisker is subjected to the moment from an electric field, the whisker does not rotate until the shear stress on the whisker is smaller than the yield shear stress. In this section, we calculate the moment required for a whisker to begin rotating in a liquid polymer by taking into account its Bingham property.
The shape of a whisker is approximated to a spheroid, as shown in Fig. 2 . The spheroidal whisker rotates in a liquid polymer, as shown in Fig. 3(a) , and the velocity of the liquid polymer at an infinite distance from the spheroid is zero. Figure 3 (b) shows the cross section that is perpendicular to the z-axis (the major axis). From the reference frame of the spheroid, the liquid polymer around the spheroid slides along its surface. The purpose of this model is to examine the threshold condition to begin rotation and not to examine the flow pattern after rotation begins. For rotation, the shear stress must reach the yield shear stress across the entire surface of the spheroid. If there is an area where the shear stress does not equal the yield value, the velocity of the polymer at an infinit distance is not zero. The shape of the cross section that is perpendicular to the major axis of the spheroid is a circle. The spheroid is subjected to a shear stress at the yield value around the circle because the whisker is subjected to the rotating moment caused by the electric field. An area element ds on the surface of the spheroid is expressed as follows. Vol. 7, No. 6, 2013 Journal of Advanced Mechanical Design, Systems, and Manufacturing
If the yield shear stress is τ 0 , the force in the x direction, dF x , on the circular surface shown in Fig. 3(b) is expressed as follows. 
The length between the origin and the center of the cross-sectional circle is z; therefore, the moment at the cross-sectional circle, dM τ , is calculated as follows.
The entire moment, M τ , is obtained as follows. 
When the moment M E calculated from Eq. (4) is larger than the moment calculated from Eq. (9), the spheroid begins to rotate. When M E equals to M τ , the threshold value of the electric field for rotation, E 0 , is obtained by the following equation. 
As the yield shear stress τ 0 increases, the threshold value of the electric field E 0 increases. The value a, which corresponds to half the length of the spheroid, is not included in Eq. (10) because the value cancels out during the calculation. The threshold value of the Journal of Advanced Mechanical Design, Systems, and Manufacturing electric field is different from the angle α that is defined in Fig. 2(a) . The required electric field is at a minimum when the angle α is 45°. The spheroids at the angle of 45° begin to rotate when the electric field reaches and surpasses the threshold value. However, the other spheroids at angles different from 45° do not begin to rotate. When the spheroids at 45° begin to rotate, the angle changes, halting the rotation of the spheroids. The behavior exists because the rotating velocity is very small when the electric field is only slightly larger than the threshold value.
Measurement of Photopolymer Properties
Measurement of Yield Shear Stress
A value of the viscosity of the photopolymer was provided by the manufacturer. A coaxial cylinder viscosimeter (Tokyo Keiki Inc., B type) was used. The inner and outer diameters were 11mm and 18mm, respectively, and the rotation speed was 30 rpm. The viscosity was measured at a large velocity gradient condition. When the whiskers were aligned, the velocity gradient was very small. The maximum Reynolds number was about 10 -5 when the whiskers were aligned in the liquid photopolymer.
The viscosity of the photopolymer was measured via a falling sphere ball viscometer at a small Reynolds number [16] . Figure 4 shows the schematic diagram of the measurement. The liquid photopolymer was placed in a cylindrical vessel and a sphere ball was dropped from the upper side. When the viscous drag force is equivalent to the gravitational force, the falling velocity reaches a constant value. The viscosity is calculated from this falling velocity. The shear stress, P t , at the surface of the sphere is calculated from Eq. (11). 
where, r is the radius of the ball, ρ s is the density of the ball, ρ p is the density of the liquid photopolymer, and the g is the acceleration of gravity. The velocity gradient (i.e., the rate of shear), t e & , is expressed as follows.
where, v is the velocity of the falling ball in the steady state. The viscosity, η, is calculated by Eq. (13). 
The measurement conditions are shown in Table 1 . The cylindrical vessel that contained the liquid polymer was placed in water at 295 K. The inner diameter of the circular cylinder was 22.5 mm and the depth of the liquid photopolymer was 150 mm. The upper line from the bottom of the cylinder was 55 mm and the lower line from the bottom of the cylinder was 27.5 mm. The distance between the upper line and the bottom line, L, was 27.5 mm. The time required for the ball to fall from the upper line to the lower line was measured. The average velocity was estimated as a constant velocity. The radii of the falling spheres ranged from 0.4 mm to 1 mm, and they were composed of aluminum dioxide; the sphere that was 0.5 mm was composed of SUJ (bearing steel). Figure 5 shows the relationship between the shear stress and rate of shear when the Reynolds number is less than 0. When the rate of shear is zero, the shear stress is not zero; rather, it is 1 Pa. This value is the yield shear stress τ 0 that was mentioned in Sec. 3.2. The experiments revealed that the photopolymer exhibits the Bingham property and the photopolymer does not flow when the shear stress acting on the polymer is less than 1 Pa. When the moment acting on the whisker is small and the shear stress acting on the whisker is less than 1 Pa, the whisker does not rotate. 
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Measurement of Dielectric Constant
The dielectric constant of the liquid photopolymer affects the magnitude required for the whiskers to align along the electric field direction, as shown in Eq. (10) in Sec. 3. The relative dielectric constant of the solidified photopolymer was measured by the manufacturer. The values are 3.9 at an alternating current (AC) at 1 kHz and 3.6 at 1 MHz. However, the dielectric constant of the liquid photopolymer was not measured by the manufacturer. Therefore, we measured this value. The liquid photopolymer was filled between two flat plates and the capacitance of this setup was measured. The relative dielectric constant was calculated from the capacitance. The vales are shown in Fig. 6 . The relative dielectric constant of the liquid photopolymer decreased as the frequency of the AC applied to the liquid photopolymer increased. Table 2 shows the properties of the photopolymer as provided by the manufacturer and as obtained by our measurements. Table 3 shows the properties of the titanium carbide (TiC) whiskers that were added to the photopolymer. The average diameter of the whiskers is about 1 μm and the length is about 50 μm. The whisker is estimated to be an electric conductor. When the diameter and the length of the whisker is 1 μm and 50 μm, the equations in Sec. 3 provide the following values: a = 25 μm and η c = 0.02. Figure 7 shows the value of the required electric field to initiate rotation of a whisker as calculated by Eq. (10). The horizontal axis in Fig. 7 is the initial angle of a whisker with respect to the direction of the electric field. The value of the electric field to rotate the whisker is at a minimum when the angle is 45°. Each AC frequency corresponds to the relative dielectric constant of the liquid photopolymer shown in Fig. 6 . As the frequency increases, the electric field required for whisker alignment increases. However, the overall difference of the magnitude of the electric field is very small. A whisker at 45° begins to rotate with an electric field of less than 20 V/mm. The angle will decrease below 45° after it begins to rotate; however, the electric field required for rotation is larger at angles different from 45°. A whisker at 90° does not feel a moment from the electric field. By applying 50 V/mm, a whisker of 85° can begin to rotate. Journal of Advanced Mechanical Design, Systems, and Manufacturing
Electric Field for Whisker Alignment
Alignment Experiment
Value of Electric Field
The liquid photopolymer containing the whiskers was placed in the vessel that contained two flat plates. An AC was applied to the photopolymer, as shown in Fig. 8 . The alignment of the whiskers in the liquid photopolymer after applying the AC was observed by an optical microscope. Table 4 shows the experimental conditions. Initially, the alignment experiment was performed with respect to the value of the electric field. The frequency of the applied AC was 100 Hz. Figure 9 shows the optical micrographs at an applied electric field of 10 V/mm. The black lines in the photographs are the whiskers. The black components on the right side of the photographs are the electrodes. Figure 9(a) shows the photograph before applying the AC, (b) shows the photograph after 60 s, and (c) shows the photograph after 180 s. The electric field in Fig. 9 is lower than that calculated by Eq. (10) and the whiskers were not aligned after 180 s. Journal of Advanced Mechanical Design, Systems, and Manufacturing Table 4 Experimental conditions for alignment 
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Figure 10(a) shows the photograph of an applied 20 V/mm after 180 s. This electric field value is slightly higher than that calculated by Eq. (10) . The whiskers began to rotate at 20 V/mm, however, the rotating velocity was very low and the whiskers were not aligned after 180 s. Figure 10(b) shows the photograph at 50 V/mm after 180 s. The whiskers in Fig.  10 (b) were more aligned than those in Fig. 10(a) . The whiskers began to rotate when the electric field reached at 20 V/mm, but the value of the electric field was not sufficiently large to fully align the whiskers. The electric field had to be as high as 50 V/mm in order to align the whiskers within a couple of minutes. These results coincided with the results examined in Sec. 4. Figure 10(c) shows the photograph of the complete alignment of the whiskers at an applied 100 V/mm after 180 s. The whiskers were aligned within 20 s at 100 V/mm. The photographs of Fig. 9 and 10 were taken during aligning the whiskers and it is difficult to recognize the alignment of the whiskers in these photographs. But the whiskers near the electrode in Fig. 10 (c) are recognized to align along the electric field.
Frequency of AC and Alignment
When the photopolymer was received direct current (DC), bubbles were generated in the cathode and the contour of the anode could not be observed clearly, as shown in Fig.  11(a) . One half of the anode was masked and DC was applied to the photopolymer. Figure  11 (b) shows the anode after applying the DC. The right side of the photograph is the masked anode surface and the left side is the non-masked surface. The solidified photopolymer adhered to the non-masked surface. The bubbles were not generated for some species of photopolymers; however, almost all the photopolymers adhered and solidified polymer with the application of DC. Using AC prevent the generation of the bubbles. When the frequency of the AC is low, the solidified photopolymer adhered to the anode surface. For example, the solidified photopolymer adhered to the anode surface after 60 s at 50 Hz Journal of Advanced Mechanical Design, Systems, and Manufacturing and the solidified photopolymer did not adhere to the surface after 180 s at 300 Hz. From the above results, a higher AC frequency is desirable in order to prevent the adhesion of the solidified photopolymer to the anode surface. The adhesion of the solidified photopolymer to the anode surface is assumed to be caused by electrolytic polymerization. The components of the photopolymer are not precisely known and it includes an epoxy resin. Therefore, the mechanisms of the chemical reaction could not be examined. Additionally, the cause of the bubbles from the cathode could not be examined for the same reason. 
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Production using linear-shaped electrodes
An electric field must be applied in multiple directions in order to align the whisker along the different desired directions. When the photopolymer containing the whiskers is surrounded by electrodes of the flat plates, as shown in Fig. 12(a) , the electric flux passes through the other electrodes of the electric conductor and the electric field does not interact with the photopolymer. Therefore, the photopolymer was placed in a circular hole and linear-shaped electrodes were placed along the circumference, as shown in Fig. 12(b) . The black circles in Fig. 12(b) are the electrodes. The photographs of the linear-shaped electrodes and the circular vessel for the photopolymer containing the whiskers are shown in Fig. 12(c) . These electrodes avoid the decrease of the applied electric field. The diameters of the tested vessels are 5 mm and 3 mm. The electric field of the apparatus in Fig. 12(b) and 12(c) was not uniform. However, the central portion of the electric field of the apparatus was estimated be uniform because the diameters were 5 mm or 3 mm, and the dimensions of the products were less than 1 mm.
For ordinary whisker reinforced material, universal mechanical tests should be performed before the material is put to practical use. The strength of the solidified polymer containing the unidirectional whiskers should be further tested. The shape accuracy of the solidified photopolymer containing unidirectional whiskers should be also performed. We will measure the tensile strength and the shape accuracy in further research. Figure 13 shows the example of a solidified photopolymer containing the unidirectional whiskers. The light source was a He-Cd laser with a wavelength of 0.325 μm. Figure 13(a) shows the schematic diagram of the solidified photopolymer and that the direction of the whiskers in the second layer is different from that in the first layer. Figure 13(b) shows the photograph of the first layer and 13(c) shows the second layer. The thickness of each layer is 300 μm.
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Conclusions
The following results were obtained.
(1) The electric field to initiate the rotation of a whisker was calculated by taking into account the Bingham property of the liquid photopolymer. A whisker at 45° begins to rotate with an electric field of less than 20 V/mm for our using photopolymer. By applying 50 V/mm, a whisker of 85° can begin to rotate. (2) The alignment of the whiskers in the liquid photopolymer while applying an AC was observed and the electric field for whisker rotation was nearly equivalent to that of the calculated electric field. The whiskers began to rotate when the electric field reached at 20 V/mm, but the value of the electric field was not sufficiently large to fully align the whiskers for our using photopolymer. The electric field had to be as high as 50 V/mm in order to align the whiskers within a couple of minutes. (3) Layered micro-structures containing unidirectional whiskers were successfully fabricated.
